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B o ABSTRACI‘

A reducmg agent is added to an aqueous medium con- =

* taining a mixture of undried partially hydrolyzed poly- o

acrylamide and an oxidizing agent. The reducing agent -

~ and oxidizing agent act as a redox catalyst system to =
~cross link the polymer and form a polymer gel. Gelation e

" time is controlled by maintaining the components of the -

- gel-forming mixture at predetermined concentrations,
reaction ratios and pH. The gel-forming mixture is ap-

plied to a porous matrix such as a subterranean hydro- AT
carbon-bearing formation where the mixture gelsin situ

 at a controlled rate to reduce the permeablhty of the =
 porous matrtx |

10 Claims, 5 Drawing Fig'urés
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OIL RECOVERY PROCESS USING A POLYMER
~ GEL -

This 1s a contmuatlon-m-part apphcatlon of the co-

| "pendtng U.S. patent application, Ser. No 337 570, ﬁled
Jan 7 1982 now abandoned 3 -

TECHNICAL FIELD

The mventron relates to a process whereby the per-

4, 548 272

, _

The problem not solved in the prior art is that of

- identifying the reaction parameters to which the gela-_ |

10

 meability of a porous matrix is controlled using a poly- -

" mer gel. More particularly, the permeabrllty of a subter-
ranean hydrocarbon-bearing | formation is controlled by

Jectmg the resultmg mixture into the forrnatton wherem
m situ gelatron occurs at a controlled rate |

BACKGROUND ART

‘Many processes are known for controllmg the perme--'

ablhty of subterranean hydrocarbon-beanng formations

" to improve the secondary recovery of hydrocarbons
' Partially hydrolyzed polyacrylamide gels initiated by
~ redox catalysts are used for permeability control ina
. number of these processes. U. S. Pat. No. 3,785,437 to
- Clampitt et al. injects an aqueous slug containing poly-
- mer and either a- metal-contammg oxidizing agent or a

reducmg agent into a formation. A second aqueous slug

tion reaction is most sensitive and controlling those
‘parameters. A process is needed to produce a gel suffi- -
ciently stable to control permeability in a subterranean = =

hydrocarbon-bearing formation during a waterflood.

More particularly a process is needed whereby the.- D
~ process parameters may be varied to produce gels of -

different viscosities and gelation times. A process 1S

needed where the gel-forming components are uni-
formly mixed above ground and the mixture is injected =~ .-
Into a subterranean formatlon to form a homogeneous; T

- geli in situ.

~ mixing gel-forming components above ground and in- -1_5

20 .

 the matrix permeability or substanttally shut of‘f the_=_ :_

DISCLOSURE OF THE INVENTION

~ According to this mventlon an aqueous solutton con-- S
taining an undried polymer is mixed with redox cata- =

~ lysts at predetermined concentrations, reactant ratros_, o
“and pH to produce a polymer gel. The mixture is ap- =~

plied to a porous matrix such as a subterranean hydro- -~

carbon-bearing formation or an earthen dam to decrease .

~ flow of fluids through the matrix.

25

- is sequentially- mjected into the formation, which con-

tains only the second component of the redox catalyst
- system not contained in the first slug, i.e. either the

~ oxidizing or reducmg agent. The slugs mix in the forma-

“tion to produce a cross-linked polymer gel. U.S. Pat.

30

o Nos. 3,795,276 to Eilers et al. and 4,040,484 to Hessert

~_accelerate the cross-linking of the water-soluble poly-
mer by adding an actd to decrease the pH of the gelatton_

- reaction.
~ U.S. Pat. No Re 29 716 to Clamprtt et al. uses a
"~ polymer gel as a drilling fluid or well completion fluid.

. The gel is produced by addmg the redox catalysts si-
multaneously to an aqueous mixture or sequentlally.

35

- adding the oxidizing agent and reducing agent in either

- order to the aqueous medium. The preferred method IS
 to add the reducing agent to the mixture first.

Chyi-Gang Huang, M.S. Thesis, “A Study of' the'“ | Es
"a chromate or dichromate or is chromium trioxide. The =~

- reducing agent is an alkali metal or ammonium ion cou- -

‘Gelation of Polyacrylam1de Through the Partlcrpatlon
of Chromium (I1I)”, 1980, University of Kansas, investi-

- gates the subject of polyacrylamide gel preparatton and

"is a good general reference on the subject.
In a non-gelling apphcatlon, U.S. Pat. No. 3, 039 520

produced -
- The above-clted references descnbe a number of |
processes using polymers and pclymer gels for second-

: 50
to McKennon adds a polymer to a waterflood to in-

~crease the viscosity of the flood. A polymer such as
- PHPA is added above ground to the flooding water
. either in dried form or in the aqueous form dlrectly as

35

~ ary oil recovery. However, none of these processes

~ provide adequate control of the polymer gelation reac-
‘tion. Processes which mix the gel-forming components -

- inssitu after sequential injection do not achieve sufficient
- mixing of the components, while processes which mix
- the gel-formmg components above ground followed by
‘injection require nnprecrse mechanisms to delay gela-

~ tion until the mixture is in place. In either case, a weak
_gel results, which does not satifactorily. control permea-

N bility, and hydrocarbon recovery from the waterﬂood
18 not srgmﬁcantly 1mproved | |

65

Polymers suitable for use in the practice of thls inven-

tion include partially hydrolyzed polyacrylamldes S
(PHPA) which are water soluble. The PHPA can have =
- up to about 75 percent or more of the carboxamide
groups hydrolyzed to carboxylate groups. The poly-
‘mers have a molecular weight within the range of about
100,000 to about 10,000,000 or more. The preferred
~ molecular weight of the polymer depends in large part .~
on the particular application of the gel. For example,a
--polymer used to produce a gel for permeability control

in a subterranean hydrocarbon-beanng formation may -

require a higher molecular weight to withstand forma- = .
~ tion conditions. The amount of polymer used in the. .
process depends upon the type of polymer, the purity of
the polymer and the properties desired in the resulting
~gel. Generally the polymer concentration in the gel- . .
forming mxture is in the range of from about 0. 15 1o

10% by weight.

~ The redox catalysts comprise a dual component sys-' . R
 tem having an oxidizing and a reducing agent. The . = -~
oxtdlzmg agent is a water-soluble, reducible alkali metal -

or ammonium salt of a hexavalent chromium ion such as.

pled with a sulfur containing ion such as sulfides, sul-

fites, hydrosulfites and metabisulfites. The redox cata- o

lysts are sequentially added to the gel- -forming mixture

in a specific sequence; the oxidizing agent is added ﬁrst | "

followed by the reducing agent. -

The gel-forming components are combtned in an
-aqueous medium. The medium can be water rangingin =

hardness from distilled to brackish water.

The gelation time is regulated by controlling the pH_ o
" of the gel-forming mixture. An acidic pH decreases
gelation time, while a basic pH increases gelatron time. =

'The process is particularly applicable to permeability
reduction or shutoff of subterranean formations because -
- the gel-forming components may be uniformly mixed = =
- above ground and injected into the formation asasingle -~
slug. Gelation occurs in situ at a controlled rate deter-
mined by the reaction pH and reactant concentrations. . -
‘The resulting gel is a homogeneous composition having
a viscosity varying over a wide range dependingonthe
~ reactant concentrations. Viscosity 1s controlled to effect._ EE

differing degrees of permeablllty control.
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The process is simple and economical because it does
not require metered sequential injection of the gel-form-
iIng components. The process is versatile because, in
addition to subterranean applications, it may be used to

include the ammonium salts and the alkali metal salts.
The polymer has a molecular welght of from about at
least 100,000: preferably at least about 250,000: and

4

more preferably at least about 500,000 to about
10,000,000 or more. The upper limit for the molecular
weight of the polymer is only constrained by the solu-
bility of the polymer in water. Generally the PHPA

consolidate terranean sand or soil. Finally the processis 5 used in this process has a molecular weight of from
reversible because the gel can be degraded in situ to about 3,000,000 to about 10,000,000. The molecular
restore permeability to the porous matrix. weight selected primarily depends on the properties of
the permeable matrix to be treated. The concentration
BRIE‘F DESCRIPTION OF DRAWINGS of polymer to be used depends upon the type of poly-
FIG. 1 graphically shows gel viscosity versus gela- 10 mer, the purity of the polymer and the desired proper-
tion time for a given concentration of polymer and ties of the resulting gel. Generally the concentration of
redox catalysts combined in produced water described polymer in the gel-forming mixture is from about 0.15%
in Example 1. to about 10% by weight and more preferably from
FIG. 2 graphically shows the effect of reducing the about 0.25% to about 1% by weight.
redox catalyst concentration on gelation time and gel 15 The preferred oxidizing agent of the redox catalyst
viscosity decribed in Example 2. system 1s sodium or potassium dichromate. The pre-
FIG. 3 graphically shows the Independent variable, ferred reducing agent is sodium sulfite. The reducing
redox catalyst concentration, PHPA concentration and agent is preferably present in slight excess to remove
gelation time, as a function of gel viscosity described in dissolved oxygen or other undesirable oxidants from the
Example 3. 20 system. The concentration ranges of the components in
FIG. 4 displays two curves, (1) the viscosity (repre- the gel-forming mixture vary for different oil recovery
sented by screen factor) of a polymer SOIPtiOH made applications of the polymer gel. For example, the con-
from dried polymer as a function of the initial polymer centration ranges are higher for a tracturing application
concentration and (2) the viscosity of a polymer/redox than a mobility control application as noted in the table
catalyst system as a function of the polymer concentra- 25 below because fracturing requires a more viscous gel.
tion. By comparison, FIG. 5 displays similar curves
where the polymer is an undried polymer. e e
Component Concentrations (ppm)
BEST MODE FOR CARRYING OUT THE Application Polymer Dichromate Sulfite
INVENTION 30 Fracturing 1,000-30,000] 500-7,500 600-8,000
The invention is a process for controlling the permea- Mobility Control 250-5.000 50-1,300 60-1.400
blllty of a porous matrix by applymg a gEI*fOMng "Top values apply to low molecular weight PHPA only.
mixture thereto, which gels in situ. The gel-forming
mixture consists of an undried, water-soluble polymer For subterranean mobility control applications, the
and a redox catalyst system containing an oxidizing and 35 degree of mobility control achieved is directly propor-
a reducing agent dispersed in an aqueous medium. As tional to the amount of gel-forming mixture injected
used herein, “undried” polymer is defined as poiymer into the formation and the concentration of components
which has not been substantially dried at any time after tn the mixture. Viscosity of the gel increases directly as
being produced and prior to use in this process, i.e. a function of concentration of the polymer and redox
undried polymer is maintained in an aqueous form from 40 catalysts. However, from an economic standpoint, it is
the time it is produced to the time it is mixed with the desirable to determine the lowest acceptable degree of
catalysts in this process. mobility control for a given formation to minimize the
The order of adding the redox catalysts to the aque- amount of gel-forming mixture required in the treat-
ous medium is critical; the oxidizing agent is added first ment. It is also desirable to maintain an upper limit on
followed by the reducing agent. The polymer may be 45 component concentrations in the mixture so that gela-
added to the aqueous medium at any point prior to tion does not occur prematurely before the mixture is in
adding the reducing agent. place in the formation. These factors mitigate against
According to one embodiment, the gel-forming com- injecting excessive amounts of high concentration gel-
ponents are mixed above ground to achieve uniform forming mixture into a subterranean formation.
dispersion of all components in the aqueous medium. 50  Gelation time is not only a strong function of compo-
The mixture is then injected into a subterranean hydro- nent concentration, but also of pH of the reaction mix-
carbon-bearing formation where it gels in situ. Gelation ture. Gelation time is reduced by decreasing the pH of
time and gel viscosity are controlled by the concentra- the gel-forming mixture. Conversely increasing the pH
tion and ratio of reactants and the PH of the reaction Increases gelation time. Delayed gelation may be ef-
mixture. The process is not limited to this specific em- 55 fected by basifying and buffering the gel-forming mix-
bodiment, but may be applied in terranean applications ture to preserve its basicity above 7. Gelation is delayed
to consolidate soil or sand or to reduce permeability for the duration of a predetermined time interval, such
around building foundations, earthen dams or the like. as the time required for the mixture to reach the in-
Water-soluble polyacrylamides are suitable polymers. tended site of in situ gelation in a subterranean applica-
The preferred polyacrylamide is a partially hydrolyzed 60 tion. Once the time interval expires, the pH of the mix-
polyacrylamide (PHPA) wherein from about 30 percent ture may be reduced to values below 7 to initiate the
to about 75 percent or more of the carboxamide groups gelation reaction. The pH of the mixture is reduced by
are hydrolyzed to carboxylate groups. The term “hy- acidifying it, such as injecting an aqueous HCI solution,
drolyzed” includes polymers wherein carboxylate an acid-forming gas, or a microencapsulated acid into
groups are in a water-dispersible salt form. Such salts 65 the formation ahead of or behind the mixture.

The following examples are illustrative of applica-
tions of the present invention and are not to be con-
strued as limiting the scope thereof.




5
EXAMPLE 1

~ Gel- formlng components are added to a produced
- ---water from the Byron Reservoir in Wyoming at a tem-
5

perature of 50° C. in the following concentrations: 5000

ppm undried PHPA, 1250 ppm sodium dichromate and -

1375 ppm sodium bisulfite. The ratio of PHPA :di-

- chromate:bisulfite in the resulting mixture is 4:1:1. The

o - average molecular weight of the PHPA is. about.
. 3,000,000. Brookﬁeld viscosity- readmgs of the mlxture_-
- ~ are recorded as a function of time. To convert to nomi-

4 548 272
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corresponds to the viscosity of the polymer solutlon .

- The second line marked “ " represents the concentra-
- tion of a polymer/catalyst system contamtng polymer, - - |
sodium bisulfite, and sodium dichromate in a ratlo of

4:1:1 as a functlon of screen factor.

EXAMPLE 5 |
An undried polymer of comparable molecular werght

-'and degree of hydrolysis as the Dowell polymer of

10

" nal centipoise (cp) values, the Brookfield vrscosuy is

~ multiplied by a factor of 83,300. The plot of viscosity as.
. afunction of time corresponds to the gelatton rate. FIG -
T | graphically displays Example 1.

~ As FIG. 1indicates, there appear to be three dtfferent

~ stepwise rate controlling mechanisms in the gelatlon |
~ reaction. The first step, from about 0 to 2 hours, isan.

15

induction-like period during which cross-ltnkmg chro-

mic cations probably assocmte wrth the carboxylate
~sites of the polymer. This increases the polarity of the
_'polyrner chain causing- mutual repulsron among poly-

20

-~ mer chains so that little increase in viscosity results. The -

~second step, from about 2 to 7 hours, is very fast. This
- step is probably a cross-lmkmg of two polymer chains
which causes a pronounced increase in viscosity. The

- third -and final step after 7 hours is a slower high-
~_ entropy step wherein two cross-linked polymers react

25.

~ with the sterically cumbersome carboxylate groups of a

,. E third polymer to generate another linkage w:th the

o -chromlc catton

CEE, EXAMPLE 2 |
Redox catalysts are added to a 5000 ppm PHPA

- __"_[solutxon containing the same type of produced water
- and PHPA as Example 1. Runs are made with three

Example 4 is mixed with the fresh water of Example 4. . |
The results are shown in FIG. § and the symbols corre-;__. S o
- spond to those of FIG. 4. The line marked “0” is the -
- polymer solution only and the line marked “ ” is the =~

polymer/catalyst system. Comparing FIGS. 4 and 5, it -

is apparent that the gels produced from dried polymer =~ .

~ have very low viscosity at low polymer concentrations, . -

- while gels produced from undried polymer have a = =

~much higher viscosity at the lower concentrations due =~
‘to apparent “salting out” of the dried polymer from ..
solution. “Salting out” increases costs substantially by ~ =
reducing the effectweness of the dried polymer at low

COHCEI’ItI’athHS
' 'EXAMPLE 6 '

In an actual ﬁeld test, a mixture of 5000 | ppm undrled. TR
- PHPA and the redox catalysts of Example 1 is pre- . -
 pared. The PHPA has a molecular weight of 3,000,000. -~ - -
- The redox catalysts are present in 100% of the stoichio-
metric ratio. The pH of the mixture is 9.5. The mixture -
is.run through the injection line, whtch is disconnected .
from the wellhead, and collected in a drum. Samples
from the drum gel is 30 minutes and display off-scale =
readings on the Brookfield viscometer. Due to the rapid |

- gelation, concentrations of the reactants are cut back to

35

- different concentrations of redox- catalysts as graphi-

” ';fcally shown in FIG. 2. The line marked “x” is 1250 ppm

- dichromate and 1375 ppm bisulfite, the line marked “o0”
~is 1125 ppm. dlchromate and 1238 ppm bisulfite and the

-line marked “+ is 1000 ppm dichromate and 1100 ppm -

o bisulfite. The gelation rate is strongly dependent on the
. concentration of redox catalysts but the final gel viscos-
L rty is substantlally the same in the all three cases. -

EXAMPLE 3

Redox catalysts are added to a. 4000 ppm PHPA

- solution containing the same type of produced water
~ 'and PHPA as Example 1. The line marked “x” has a
- catalyst concentration of 1000 ppm dichromate and

- 1100 ppm bisulfite. ‘The catalyst concentration in the

- line marked “o0” is reduced to 90% of “x”; the dichro-

~ mate concentration of “0” is 900 ppm and the bisulfite
concentration is 990 ppm ‘The catalyst concentration of
the line marked “+” is reduced to 80% of “x”; the
‘dichromate concentration of 4+ is 800 ppm and the

o bisulfite concentration is 880 ppm. ‘The results displayed -
~in FIG. 3 indicate that the gelation rate is very sensitive

‘to redox- catalyst concentration at a reduced PHPA

- concentration. The final viscosity of the gel is substan- 60
- ually lower for reduced eatalyst concentratton

EXAMPLE 4

o thfenng concentrattons of a dried PHPA commer- -

N _cial Dowell polymer (J-333) havmg a molecular weight

a polymer concentration of 4500 ppm and 90% of the - - .
‘original redox catalyst concentration. AU
- The wellhead pressure of 380 psi is maintained before"- T
treatment by a shut-in pressure of 150 psi. Injectionis =
‘then begun into the well by connecting the injection -
line to the wellhead. Wellhead samples are taken every .
~hour throughout the treatment. The samples indicate =
“that gelation is occurring too slowly, so the chromic =
‘concentration is increased on three occasions duringthe -
- treatment. Furthermore, the bisulfite does not stay in = -
45

solution during the treatment as the ambient tempera-

ture decreases. Approximately 287 barrels of polymer
~ with redox catalyst are injected into the formation,
- preceded and followed by a small flush of fluids con- = =~

‘taining no redox catalysts. The net result is a weak gel. =
The injection is restarted with a mixture of 6000 ppm
'PHPA and 130% of stoichiometric ratio of the redox . =
- catalysts. Throughout 10 hours of injection, wellhead =
samples gel in 30 minutes to an off-scale reading on the
- Brooksfield viscometer. The wellhead pressure in-
55 i

creases by about 250 psi as the tubing fills with the

- gel-forming mixture. The pressure levels out when the

65

- of about 5,000,000, are added to a fresh water. The -

'concentrattons are shown in FIG 4 as a function of

screen factor on the lme marked “0”. The screen factor

- mixture reaches the formation and never exceeds 930 =
- psi during injection into the formation. This indicates B

- that the formation offers less resistance to flow thanthe = =
tubing, suggesting an extensive fracture network or |

other highly conductive type formation.

‘After 167 barrels of the gel-forming mlxture are in-
- Jected into the formation, 10 barrels of solution contain-

-ing only polymer followed by 28 barrels of water,
which represents the tubing volume, are injected into

the formation. The well is then shut-in for 48 hours.

'After the two treatments, an injection test with nor- ;
mal injection water is performed at a rate of 400 barrels
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per day. Wellhead pressure 1s 680 psi at 400 barrels per

day of water injection. The treatments have reduced the
injectivity of the formation by a factor of about 2.3 due
to substantial gelation within the treated zone.

EXAMPLE 7

Different polymer solutions are prepared from an
undried PHPA made at Marathon Oil Company’s re-
search laboratory in Littleton, Colo. and from commer-
cially available Dow dried PHPA. The undried PHPA
has a molecular weight about equal to that of Dow 700
PHPA, i.e. between 3 and 5 million. Dow 1000 has an
average molecular weight around 6,000,000 and Dow
500 has a molecular weight between 1 and 3 million.
The Dow polymers are all dried PHPA which are then
redissolved from the dried form. The polymer solutions
have polymer concentrations of 5000 ppm. The chro-
mate and sulfite concentrations are 1250 ppm each. The
catalysts are added to the polymer solutions in different
orders to produce gels. The form of each resulting gel is
recorded empirically in the table below. The results
indicate that adding the oxidizing agent prior to the
reducing agent to the solution produces a more stable 25
gel.

10

15

20

Conc. Order of
Polymer (ppm) Catalyst Addition Gel Form and Time 30
Dow 500 S000 HSO3;~!/Cry02—2 None
Dow 700 5000 HSO;~!/Cry07—2 None
Dow 1000 5000 HSO;~1/Cr;07—2 Soft gel
Dow 500 5000 Cr207-%/HSO3~!  Firm (2-4 hrs)
Dow 500 5000 Cr*3/HSO;~! Firm (Almost 35
Instantaneously)
Undried 5000 HSO;~!/Cry0+2 Viscosity Increase -
PHPA No Gel
Undried 5000 CryO7—2/HSO3—! Firm (2-4 hrs)
PHPA
40
While the foregoing preferred embodiment of the
invention has been described and shown, it is under-
stood that other alternatives and modifications, such as
those suggested, and others may be made thereto, and 45
follow in the scope of the invention.
What is claimed is:
50
55
60

65
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1. A process for controlling the permeability of a
porous matrix comprising the steps of:

adding an undried partially hydrolyzed polyacryl-

amide and an oxidizing agent, selected from the
group consisting of alkali metal and ammounium
salts of hexavalent chromium ions and chromium
trioxide, at predetermined concentrations to an
aqueous medium;

thereafter adding a reducing agent, selected from the

group consisting of alkali metal and ammonium
salts of sulfur-containing ions, at a predetermined
concentration to said aqueous medium to produce a
gel-forming mixture;

adjusting the pH of said mixture above about 7 to

delay the gelation rate of said gel-forming mixture;
applying said gel-forming mixture to said porous
matrix; and

reacting said gel-forming mixture in situ at a pH

below about 7 to produce a permeability control-
ling gel, wherein the degree of permeability con-
trol 1s directly proportional to the amount of said
mixture applied to said matrix and the concentra-
tion of said polyacrylamide and oxidizing and re-
ducing agents in said mixture.

2. The process of claim 1 wherein said polyacryl-
amide has a molecular weight from about 100,000 to
about 10,000,000.

3. The process of claim 1 wherein said oxidizing agent
is sodium or potassium dichromate.

4. The process of claim 1 wherein said reducing agent
1s sodium sulfite.

5. The process of claim 1 wherein said porous matrix

is a subterranean hydrocarbon-bearing formation.
6. The process of claim § wherein said gel-forming

mixture i injected into said subterranean hydrocarbon-
bearing formation via a well.

7. The process of claim 1 wherein said mixture is
buffered to maintain the basic pH.

8. The process of claim 1 wherein an acid is added in
situ to said mixture to reduce the pH of said mixture
after said mixture is in place in said formation.

9. The process of claim 1 wherein said porous matrix
is an earthen terranean material.

10. The process of claim 9 wherein said permeability
controlling gel consolidates said earthen terranean ma-

terial.
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